Abstract. The N-myc downstream regulated gene 1 (NDRG1) is differently expressed in human malignancies according to the tumor type. We investigated the expression of NDRG1 in pancreatic cancer tissues and cell lines as well as how it affects tumor growth, invasion and migration in pancreatic cancer cells. Experimental groups included NDRG1 overexpression and knockdown pancreatic cancer cell lines. Lentivirus-based empty vector transfected cells (NC group) were considered control groups. Proliferation, invasion and migration related proteins such as STAT3, MMPs, PTEN, PI3K/AKT were assessed by CCK-8, Transwell assay and western blotting. Efficient NDRG1 overexpression results in reduced cell proliferation, invasion and migration. Inversely, downregulation of NDRG1 promoted proliferation, invasion and migration. We also found NDRG1 could deactivate p-STAT3, PI3K, p-AKT, MMP2, MMP9 and activate PTEN. NDRG1 is a potential anti-oncogene. Its upregulation significantly decreases pancreatic cancer tumorigenesis, likely by inhibiting STAT3 and the PI3K/AKT signaling pathway.
Introduction
Pancreatic cancer is the most intractable disease among human cancers, with a low 5-year survival rate ranging from 5 to 6% (1, 2) . Pancreatic cancer patients are asymptomatic so that nearly 85% cases are diagnosed at a late stage accompanied by blood vessel invasion or distant metastasis, thus are not available for surgical resection (3) . Even for the few patients who underwent a potentially curative resection, the long-term survival remains disappointing due to early recurrence or metastatic disease (4) . Hence, a better understanding of the molecular mechanisms underlying pancreatic cancer progression is needed to investigate and design more effective therapies.
N-myc downstream-regulated gene 1 (NDRG1) is a member of the N-myc downregulated gene family which belongs to the α/β hydrolase superfamily. Previous studies found that NDRG1 was downregulated in colorectal (5), gastric (6) , cervical (7), ovarian (8) and prostate (9) cancer. Moreover, it has been reported that NDRG1 played a tumor suppressive role in a variety of tumorigenic signaling pathways. For example, Chen et al found that NDRG1 inhibits the TGF-β-induced EMT by maintaining E-cadherin and β-catenin at the cell membrane that cause decreased vimentin and ability of cancer cell migration and invasion (10) . NDRG1 inhibits phosphorylation and nuclear translocation of β-catenin which leads to increased cell-cell adhesion and inhibition of the WNT pathway (9) . Overexpression of NDRG1 in cancer cells not only induces differentiation but also reduces invasion and metastasis (10) . Several studies further reported that a positive correlation between NDRG1 expression and patient prognosis, indicating NDRG1 may be a prognostic biomarker in prostate (11) and colorectal cancer (12) . Although NDRG1 was largely regarded as a metastasis suppressor, there are also some studies revealing that NDRG1 is positively associated with cancer cell proliferation, differentiation and metastasis. In hepatocellular carcinoma, NDRG1 is significantly associated with advanced tumor stages and poor survival of patients by promoting cancer cell growth and preventing β-catenin degradation (13) . In lung cancer, NDRG1 is upregulated by HIF-1α and its overexpression results in more proliferation and less apoptosis of cancer cells (14) . These above results may implicate the tissue-specific effects of NDRG1, which suggests that this protein plays pleiotropic roles in cancer progression. While in pancreatic cancer, the biological functions of NDRG1 in the pathogenesis of pancreatic cancer has not been investigated in detail. In this study we explored the expression of NDRG1 in pancreatic cancer and elucidate the effects of NDRG1 on the invasion and migration capability of pancreatic cancer cell lines. In addition, we examined whether change of those tumor related capability could be influenced by NDRG1 mediated STAT3, MMP2, MMP9 expression. The human pancreatic cancer cells,  including MIA-PACA-2, ASPC-1, BXPC-3, CAPAN-1,  CAPAN-2, CFPAC-1, HPAF-II, HS766T, PANC1 and SW1990 were obtained from the Americacn Type culture Collection (ATCC, Manassas, VA, uSA). PANC1, SW1990, CAPAN-2, HS766T and MIA-PACA-2 cell lines were maintained in DMEM with 10% FBS (Gibco, Carlsbad, CA, uSA). ASPC-1, BXPC-3, CFPAC-1, HPAF-II cell lines were maintained in 1640 with 10% FBS. CAPAN-1 cell line was maintained in IMDM with 10% FBS. The cells were incubated in a humidified atmosphere of 5% CO 2 and 95% air.
Materials and methods

Cell lines and culture.
RNA extraction and qRT-PCR. Total RNA was extracted from pancreatic tissues, adjacent normal tissues and cell lines using TRIzol reagent (Invitrogen, uSA) according to the manufacturer's instructions. cDNA was synthesized using the Prime-Script RT reagent kit (Tiangen, Beijing, China). qRT-PCR was performed using SYBR Green PCR Master Mix (Takara, Dalian, China) on an ABI 7500 fast real-time PCR system (Applied Biosystems, Foster City, CA, uSA). Expression data were uniformly normalized to the internal control u6 and the relative expression levels were evaluated using the ∆∆Ct method. The primers for NDRG1 were 5'-CTC TGTTCACGTCACGCTGT-3' (forward) and 5'-CTCCACCA TCTCAGGGTTGT-3' (reverse) and for GAPDH were 5'-GGA CCTGACCTGCCGTCTAG-3' (forward) and 5'-GTAGCCCA GGATGCCCTTGA-3' (reverse) according to the human NDRG1 and GAPDH cDNA sequences in GenBank. The GAPDH mRNA level was used for normalization.
Western blotting. Cell lysates were prepared by SDS lysis solution. Protein concentration was measured using a BCA protein assay kit. Equal amount of protein was separated by electrophoresis on a 10% SDS-polyacrylamide gel. The proteins were electrotransferred from the gel to nitrocellulose membrane. The membrane was blocked with 5% non-fat milk solution for 1 h, and then was incubated with primary monoclonal antibody against NDRG1 (Abcam), β-actin (Calbiochem) at 4˚C overnight. β-actin was used as an internal control. After washing with TBS-T, the membrane was incubated with secondary antibodies against rabbit immunoglobulin G. The membrane was washed and detected by the enhanced chemiluminescence (ECL) detection system (Thermo Fisher Scientific) according to the manufacturer's instructions.
Construction of the NDRG1 expression vector pcDNA3.1(+)/
NDRG1 and shRNA. The primer sequences used for NDRG1 expression were: NDRG1 forward, 5'-TTAGATCATGTCTCG GGAGATGCAGGAT-3'; and reverse 5'-TTGAATTCCTAGC AGGAGACCTCCATGG-3. The PCR product was then cloned into pcDNA3.1(+) (Invitrogen) using standard techniques. Either the NDRG1 expression vector pcDNA3.1(+)/NDRG1 or empty vector pcDNA3.1(+) was transiently transfected into MIA-PACA2 and PANC1 cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. For the cell proliferation assay, cells were seeded into a 96-well plate (2x10 4 cells/well), and positive colonies were selected with G418 (Invitrogen) supplemented with growth medium. NDRG1 short hairpin RNA (shRNA) target sequence was: 5'-GCATTATTGGCATGGGAAC-3'. Double-stranded DNA coding NDRG1 shRNA was cloned into pRNATH1.1 Adeno shuttle vector containing a cGFP marker (Genscript). Adenovirus was packaged in Ad-293 cells (Agilent) and purified by CsCl 2 gradient ultracentrifugation. Viral particle titer was determined by plague assay. For adenoviral transduction, MIA-PACA-2 and PANC1 cell was transduced with 100 multiplicity of infection of adenoviral control or shRNA for 24-48 h. Stable clones were confirmed by real-time RT-PCR and western blotting.
Wound healing assay. Cells from each group (NDRG1 overexpression and control, NDRG1 shRNA and control) were seeded into 6-well plates (5x10 5 cells/well). The confluent monolayer was starved overnight, and then a single, linear scratch was created using a 20-µl pipette tip. After wounding, the cells were washed gently with PBS to remove cell debris and placed in fresh DMEM supplemented with 0.1% FBS to block cell proliferation. Images were captured using a phase contrast microscope at 0 and 48 h. Wound closure was expressed as a percentage of the wound area at 0 h.
Cell migration and invasion assays.
Invasion assays were performed using the BD BioCoat™ Matrigel chamber in 24-well plates (BD, uSA). Resuspension solution (100 µl) containing 1x10 5 cells in DMEM with 1% FBS was added to the upper chamber, and 600 µl DMEM supplemented with 10% FBS was added to the bottom chamber. After a 48-h incubation at 37˚C in a 5% CO 2 incubator, cells in the upper well were wiped off using a cotton swab. Cells in the lower chamber were fixed, stained with H&E, and counted under a light microscope. The migration assay was performed in a similar manner except that the chambers were covered without Matrigel.
Cell proliferation assay. Cell proliferation assay was performed with Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. Briefly, indicated pancreatic cancer cells were seeded in 96-well plates (1x10 4 cells/well) 24 h post-transfection and cultured in the growth medium. Cells were examined at 0, 24, 48, 72, 96 and 120 h. CCK-8 (10 µl) was added to each well at different timepoints. After an incubation of 2 h at 37˚C, absorbance was measured at 450 nm.
Statistical analysis. Statistical analysis was performed using GraphPad Prism version 4.02 software (GraphPad Software Inc., La Jolla, CA, uSA) or SPSS 13.0 software (SPSS, Inc., Chicago, IL, uSA). Values are expressed as the mean ± standard deviation. Comparisons between multiple groups were made using a one-way analysis of variance, followed by t-test. P<0.05 was considered to indicate a statisti cally significant difference between values. All experiments were conducted at least in triplicate.
Results
Cell models for NDRG1 cellular functions. In order to select suitable cell lines for subsequent upregulation or downregulation of NDRG1 and to observe these effects on proliferation, invasion, migration of cancer cells, we assessed NDRG1 expression in pancreatic cancer cell lines. As shown in Fig. 1 , the expression of NDRG1 mRNA and protein were slightly mismatched. The top three highest mRNA expressions were CAPAN-2, HPAF-Ⅱ, SW1990 but in NDRG1 protein expression, CAPAN-2, HPAF-Ⅱ, PANC1 is the highest. Whereas, the lowest expression of mRNA and protein were MIA-PaCa2, BxPC-3, CAPAN-1 and MIA-PaCa2, CAPAN-1, HS766T, respectively (Fig. 1) .
We employed PANC-1 and MIA-PaCa2 transfected with NDRG1 expressing plasmid and shRNA as cell models for the following in vitro study. After transfection with 48 h, cells were lysed and subjected to qRT-PCR and western blotting for detecting NDRG1 expression. As indicated in Fig. 2 , NDRG1 mRNA and protein were significantly elevated after transfection with NDRG1 expressing plasmid in PANC-1 and MIA-PaCa2 cell lines in comparison with the vector control cells, while the levels of NDRG1 were reduced remarkably with NDRG1 shRNA transfection as compared with controls. These data suggest that overexpression and knockdown of DRG1 in pancreatic cancer cell lines were established and ready for in vitro experiments.
NDRG1 inhibits cell proliferation, migration and invasion in pancreatic cancer cell lines. Wound scratch assays and
Transwell assays were performed to evaluate the influence of NDRG1 on pancreatic cancer migration and invasion. As .004) cells were less than control after NDRG1 overexpression. Taken together, these findings demonstrated NDRG1 prevented pancreatic cancer cell migration and invasion. In CCK-8 proliferation assay, OD450 values were significantly higher than control cells at day 5 after NDRG1 knockdown in PANC-1 and MIA-PaCa2 cell lines. In contrast, the readouts of OD450 declined significantly after NDRG1 overexpression in both cell lines (Fig. 3) . These results indicated that NDRG1 had the potential of inhibiting pancreatic cancer cell proliferation, migration and invasion.
Modulation of p-STAT3, MMP2, MMP9, PTEN, p-AKT and
PI3K expression by NDRG1 in pancreatic cancer. Next, we determined the p-STAT3, MMP2, MMP9, PTEN, PI3K and p-AKT after NDRG1 regulation. By western blot assay, p-STAT3, MMP2, MMP9, PTEN, PI3K and p-AKT level were tested after NDRG1 plasmid or shRNA transfection. In both PANC-1 and MIA-PaCa2 cell lines, we observed that p-STAT3, MMP2, MMP9, PI3K and p-AKT expression were negatively correlated to NDRG1 level while PTEN was positively correlated to NDRG1 overexpression. Specifically, Fig. 4 shows stronger p-STAT3, MMP2, MMP9, PI3K and p-AKT band and much fainter PTEN band in NDRG1 downregulation cell lysates, whereas the opposite were revealed in NDRG1 upregulated pancreatic cancer cells.
Discussion
Metastasis is the process by which tumor cells move from a primary tumor site to a distal secondary site (15) . Plenty of reports have underscored the involvement of oncogenes, tumor suppressor genes and metastasis genes in the occurrence, development and progression of cancer (16, 17) . NDRG1, a paradoxical gene reported by many studies, plays a metastasis suppressor or a facilitator depending on the type of the tumor.
We found that NDRG1 was involved in proliferation, migration, invasion of pancreatic cancer cell lines in experiments in vitro. Moreover, knockdown of NDRG1 reduced colony formation of pancreatic cancer cells but not significantly. In addition, the effects of NDRG1 on above mentioned cancer behavior might be achieved by activating PTEN and deactivating p-STAT3, MMP2, MMP9, PI3K and p-AKT. Our data indicated that NDRG1 has the propensity to inhibit progression of pancreatic cancer by repressing proliferation and impeding invasion and migration, acting as an antitumor function in pancreatic cancer.
In other pancreas studies on NDRG1, Angst et al found that this protein was highly expressed in well-differentiated cells of pancreatic cancer, whereas the poorly differentiated tumor cells were negative. These data suggested that NDRG1 may serve as a marker of differentiation and functioned as a tumor suppressor in the invasive ability and metastasis of cancer cells by inducing differentiation or reversing a metastatic phenotype, which was in agreement with studies of colorectal and prostatic cancer (18) . Maruyama et al (19) reported that tumor growth in vivo decreased remarkably by NDRG1 overexpression. Moreover, NDRG1 overproduction could reduce MMP9, a cellular production of angiogenesis-related factors so as to restrict cellular locomotion and invasion ability, those result are similar to our data. They further observed a close association between low NDRG1 expression and poor prognosis in pancreatic cancer patients. MMPs are a family of zinc endopeptidases that cleave ECM molecules and are classified according to their substrate specificity. High levels of MMPs have also been implicated in multiple stages of cancer progression including invasion and migration (20) .
STAT3, a central cytoplasmic transcription factor that is activated by phosphorylation in response to extracellular signals and oncogenes, is activated in many human cancers (21) , including pancreatic cancer (22) . STAT3 activity is positively associated with MMP2 and MMP9 (23), both of which are considered to be downstream of STAT3 pathway (24) . They could promote cancer cell migration by degrading the extracellular matrix, and thus regarded as the invasive and metastatic promoter in pancreatic cancer (25, 26) . In our previous study, we found that activation and blocking of the STAT3 signaling pathway can affect invasion ability and expression of the MMP2 genes in pancreatic cancer (27, 28) . While in this study, NDRG1 inhibited pancreatic cancer invasion and migration, as well as p-STAT3, MMP2, MMP9 expression. So we assume that the migration and invasion suppressive role of NDRG1 might be attributed to downregulation of p-STAT3, MMP2, MMP9.
PTEN, a phosphatase with opposing function to PI3K, functions as a tumor suppressor to increase PI3K pathway signaling (29) and thus leads to activation of AKT, mTOR signaling pathway (30) . The dysregulation of the signaling pathway has been implicated in tumor initiation, cell growth and survival (31) . PTEN appears to be a mediator of NDRG1 expression, as silencing of PTEN expression has been shown to downregulate NDRG1 levels, whereas overexpression of PTEN upregulated NDRG1 in a dose-and time-dependent manner (32) . However, we found NDRG1 is able to induce PTEN expression. These results indicate that NDRG1 and PTEN may constitute a positive feedloop. This inference was supported by the report that when PI3K signaling overwhelms PTEN signaling, upregulation of NDRG1 restores the coupling of the PI3K and PTEN pathways via upregulation of PTEN and downregulation of PI3K (33) . Hence, NDRG1 may synergize with PTEN to decrease pancreatic cancer proliferation through deactivating the PI3K and AKT signaling pathway.
Intriguingly, differing from its tumor suppressive role in pancreatic cancer and some other carcinoma, NDRG1 promotes lung cancer, colon cancer, and liver cancer development. One possible explanation for these conflicting phenomena is that NDRG1 may regulate tumor cell proliferation, migration and invasion through a variety of signaling pathways (34), such as nuclear factor-κB (NF-κB), mammalian target of rapamycin (mTOR), and MAPK signaling pathways (35) . Future studies in depth are required to identify other signaling pathways that NDRG1 is involved in affecting pancreatic cancer progression.
In conclusion, we have identified NDRG1 as a novel factor that inhibits the growth, invasion and migration of pancreatic cancer. Moreover, NDRG1 appears to play a tumor suppressive role by deactivating STAT3 and PI3K/AKT signaling pathways.
